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Abstract: Surface mining for coal has contributed to widespread deforestation and soil loss in coal
mining regions around the world, and particularly in Appalachia, USA. Mined land reforestation
is of interest in this and other regions where forests are the dominant pre-mining land use. This
study evaluated mine soil development on surface-mined sites reforested according to the Forestry
Reclamation Approach, representing a chronosequence of time ranging from 0 to 19 years after
reclamation. Soils were sampled in depth increments to 50 cm and analyzed for a suite of soil
physical and chemical characteristics. Overall, soil fines (silt + clay) tended to increase over time
since reclamation (17% silt at year 0 increasing to 35% at year 11; 3.2% clay at year 0 increasing to 5.7%
at year 14) while concentrations of metals (e.g., Al, Mg, Mn, Na) demonstrated varied relationships
with time since reclamation. Concentrations of organic carbon (OC) tended to increase with time
(0.9% OC at year 0 increasing to 2.3% at year 14), and were most enriched in near-surface soils. Some
soil characteristics (e.g., Na, OC, Ca) demonstrated patterns of increasing similarity to the forest
control, while others were distinct from the forest control throughout the chronosequence (e.g., Al,
clay, Mn, gravel). Future surveys of these soils over time will elucidate longer-term patterns in soil
development, and better characterize the time scales over which these soils might be expected to
approximate forest soil conditions.
Keywords: surface mine; Appalachia; coal mine; mine reforestation; mine restoration; ecological
restoration; soil development; pedogenesis
1. Introduction
Surface mining for coal has permanently altered the landscape of the Appalachian
region [1–3], leading to large-scale degradation of highly biodiverse temperate forests
and the ecosystems they host [4–6]. Historically, surface mine reclamation was poorly
regulated, and reclaimed sites were frequently characterized by unstable soils, and by large
and devastating landslides [7,8]. These issues prompted passing of the Surface Mining
Control and Reclamation Act (SMCRA) in 1979, which emphasized mined site stability
and erosion control. To achieve these goals, operators typically employed high-compaction
grading techniques and then revegetated sites with highly competitive non-native plants,
such as sericea lespedeza (Lespedeza cuneata) and tall fescue (Schedonorus arundinaceus) [9].
Additionally, SMCRA included a provision for Appalachian sites characterized by steep
slopes and shallow soils that permitted operators to use a soil substitute rather than
stockpiling native topsoils. Consequently, some mines were reclaimed with crushed
overburden rather than with native soils [10]. As unintended consequences of these SMCRA
provisions, soils on reclaimed surface mines in Appalachia tend to be highly compacted
mineral soils, largely devoid of organic matter (OM), and dominated by competitive
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non-native grasses and legumes (e.g., [11]), making these reclaimed sites unfavorable for
colonization by and growth of native plant species, especially trees [9,12]. Thus, many
negative ecological impacts of surface mining are perpetuated—the resulting landscapes
are functionally comprised of geographically separated “islands” of altered ecosystems
dominated by non-native grasses and legumes, which will not support natural succession
to native forests except on geologic time scales [9].
To address these issues, an interdisciplinary team representing government agencies,
academia, and the mining industry formed the Appalachian Regional Reforestation Initia-
tive (ARRI) and developed the Forestry Reclamation Approach (FRA), which outlined a
series of simple steps to improve forest restoration success on reclaimed mine sites [13].
These steps included identification and use of the best available growth medium, and spoil
placement with minimal compaction. Because pre-mining topsoils in Appalachia are typi-
cally not stockpiled for later use during reclamation, the “best available soil substitute” is
frequently used—consisting typically of crushed overburden—and these materials present
an excellent opportunity to study regolith weathering and pedogenesis.
Previous studies of Appalachian mine soils have demonstrated that parent material is a
critically important determinant of soil development patterns. For example, Miller et al. [14]
found that plots comprised of predominantly brown sandstone were more fertile (significantly
higher concentrations of P and N; significantly higher tree growth) than other plots comprised
of different spoil materials (gray sandstone, shales, and unsegregated mine spoils) after
two growing seasons. Conversely, alkaline pH (mean pH = 8.8) in gray sandstone plots
rendered these unfavorable for tree growth [14]. Spoil type also influenced soil particle size
distributions, with shale weathering more rapidly than the other spoil types, generating
higher clay-sized contents [14]. These patterns generally persisted over time, with soils in
brown sandstone plots still exhibiting lower pH than soils in gray sandstone plots, and soils
in shale plots still accumulating more fine soil particles after 10 growing seasons [15]. Based
on these and other studies (e.g., [16–18]), brown sandstone is generally considered the best
available soil substitute for use in Appalachian mined lands reclamation.
Importantly, analyses of soils from FRA plots over time suggest rapid chemical weath-
ering. For example, Agouridis et al. [19] found that concentrations of several mineral-
derived ions (e.g., Cl−, SO42−, and Ca2+) dissolved in interflow discharged from experi-
mental mine spoil plots exhibited strong declining trends over the first three years after
placement, suggesting that fresh spoil rapidly weathered and released ions to the soil
matrix. These results were similar to those from a column leaching study, which reported
rapid decreases in conductivity and the concentrations of most measured ions after the first
few leaching cycles [20,21]. As demonstrated by Miller et al. [14], and similar to reports
of conventional mine soils [22], and other FRA sites (e.g., [16]), mine soils developing
from sandstone parent materials are often coarse, with high gravel and sand contents,
and relatively low fine (silt, clay) particle contents. Low soil fine particle size contents,
together with the absence of OM, renders the soil matrix poor at retaining weathered ions,
resulting in their loss by leaching via interflow. This is evident in the high base saturation
(exceeding 100% saturation, e.g., [15]) and decreasing soil electrical conductivity over time
often reported in mine soils [16].
Developing soils are expected to continue to undergo physical and chemical weather-
ing and to accumulate OM over time, leading to increased cation exchange capacity (CEC).
However, at some Kentucky sites, soil particle size distributions did not shift significantly
in brown sandstone soils between 2008 and 2017 [15] or between 2005 and 2013 [16]. Simi-
larly, the fine soil particle size fraction did not significantly increase in soils developing on
uncompacted brown sandstone plots between 2005 and 2012 at a West Virginia site [18]. In
contrast, while the relative abundances of sand, silt, and clay size particles did not shift
significantly from 1982 to 1987 in soils developing from mostly gray sandstone in a Virginia
study, the coarse fragments content did decrease over this period [23]. Furthermore, in
the 20 years following (2007), the sand content declined moderately (68–62%), and the
clay-sized content modestly increased (9–13%; [23]). These results suggest that, while
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weathering of predominantly sandstone parent materials may not progress rapidly in the
first decade after spoil placement, these processes can be detected over longer time scales.
Finally, several studies have identified surface-mined sites in Appalachia as important
potential carbon sinks, in large part due to the initial absence of soil OM and above-
ground biomass. For example, Amichev et al. [24] reported soil organic carbon (OC) stocks
of 16.8 Mg/ha in a 35-year-old Kentucky pre-SMCRA mine site reclaimed with hard-
wood trees, with an additional 83.6 Mg/ha of OC contributed by tree biomass. Similarly,
Avera et al. [25] found 53.8 and 48.9 Mg/ha of OC in tree biomass, and 7.7 and 12.2 Mg/ha
of OC in mineral soil at 11- and 21-year-old sites, respectively. These results are broadly
consistent with reports of soils developing on predominantly brown sandstone plots in
Kentucky, with soil OC stocks of 13 Mg/ha after 8 years [26]. Importantly, as demonstrated
in a chronosequence study by Littlefield et al. [27], rapidly increasing soil OM contents
mirrors patterns in increasing litterfall, fine root biomass, microbial biomass C, and mi-
crobial activity. As mine soils accumulate OM over time, this is expected to contribute to
increased soil CEC, but also to accelerated chemical weathering rates, with strong depth
effects as OM is primarily contributed to the soil surface through litterfall and microbial
activity and subsequently translocated downward. The current study was conducted to
characterize patterns of soil development over time (using a series of sites representing a
chronosequence of 0 years to 19 years since reclamation) and depth, by evaluating a suite
of soil chemical and physical parameters.
2. Materials and Methods
Soils from mine sites representing a range of time since reclamation (0, 9, 11, 14, and
19 years), and an unmined forest (~100 years old, control), were evaluated in this study.
Two of these sites (9, 11 years) were located at the Bent Mountain Mine in Pike County,
KY, while the rest of the sites (0, 14, and 19 years) were located at the Starfire Mine in
Breathitt County, KY (Figures 1 and 2). The 9-, 11-, and 14-year-old sites were established as
described by Miller et al. [14], Sena et al. [16], and Littlefield et al. [27], respectively; samples
at these sites were collected from strike-off graded, predominately brown sandstone plots
(strike-off grading is a low-compaction spoil placement technique recommended for forest
reclamation in Appalachia [28]). Samples from the 19-year-old site were collected from
strike-off graded plots amended with straw at the time of reclamation, as described in
Dement et al. [12]. Most sites (9, 11, and 14 years) were planted with a mix of native
hardwood species, including red oak (Quercus rubra), white oak (Quercus alba), yellow
poplar (Liriodendron tulipifera), and ash (Fraxinus spp.), but the 19-year-old site was a white
oak monoculture plot. Samples of fresh mine spoil were collected from Starfire Mine to
represent 0 years since reclamation, and a ridge-top white oak stand in Robinson Forest
(Breathitt and Perry Counties, KY) was assessed as the unmined forest control, ~100 years
since last logged.
Samples were collected to a depth of 50 cm, where there were no impediments, using
trenching in one trench per site. Trench walls were sampled at 2 cm intervals from 0 to
20 cm, and then at 5 cm intervals from 20 to 50 cm. Samples were oven-dried and visible
stems, roots, and coal pieces were removed (to permit accurate determination of soil OC),
and samples were then homogenized using a Retsch Mortar Grinder RM 200 (except for
grain size aliquots; Retsch, Haan, Germany). Concentrations of Al, Mn, Fe, Mg, K, Ca,
and Na were assessed by inductively coupled plasma mass spectrometry (ThermoFisher
Element XR; ThermoFisher Scientific, Waltham, MA, USA) after samples were completely
dissolved using concentrated acids (HF, HCl, and HNO3) over heat. Samples were diluted
in ultrapure 0.16 M HNO3 (with 2 ppb In added as an internal standard). The dilution
factor was chosen to bring analyte concentrations into the low mg kg−1 to µg·kg−1 range.
Diluted samples were then analyzed using a high resolution ICPMS operated in medium
resolution for all elements except K, which was determined in high resolution to eliminate
interference from ArH+. Samples were introduced into the plasma using a PFA microflow
nebulizer (Elemental Scientific, Inc., Omaha, NE, USA) connected to a PC3 Peltier cooled
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inlet system (Elemental Scientific). Calibration was by standard curve with the standards
checked by comparison to a USGS standard reference sample.




Figure 1. Map showing location of reclaimed mine sites and control site in eastern Kentucky, USA. 
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Figure 2. Experimental brown weathered sandstone plots at Bent Mountain (a) and Starfire Mine (b). The age since 
planted are denoted as 9, 11, 14 and 19 years. The time 0 plot was also sampled at the Starfire Mine in a recently graded 
area depicted in the upper right of the picture, but not in view in this photo. 
Samples were collected to a depth of 50 cm, where there were no impediments, using 
trenching in one trench per site. Trench walls were sampled at 2 cm intervals from 0 to 20 
cm, and then at 5 cm intervals from 20 to 50 cm. Samples were oven-dried and visible 
stems, roots, and coal pieces were removed (to permit accurate determination of soil OC), 
and samples were then homogenized using a Retsch Mortar Grinder RM 200 (except for 
grain size aliquots; Retsch, Haan, Germany). Concentrations of Al, Mn, Fe, Mg, K, Ca, and 
Na were assessed by inductively coupled plasma mass spectrometry (ThermoFisher Ele-
ment XR; ThermoFisher Scientific, Waltham, MA, USA) after samples were completely 
dissolved using concentrated acids (HF, HCl, and HNO3) over heat. Samples were diluted 
in ultrapure 0.16 M HNO3 (with 2 ppb In added as an internal standard). The dilution 
factor was chosen to bring analyte concentrations into the low mg kg−1 to µg·kg−1 range. 
Diluted samples were then analyzed using a high resolution ICPMS operated in medium 
resolution for all elements except K, which was determined in high resolution to eliminate 
interference from ArH+. Samples were introduced into the plasma using a PFA microflow 
nebulizer (Elemental Scientific, Inc., Omaha, NE, US) connected to a PC3 Peltier cooled 
inlet system (Elemental Scientific). Calibration was by standard curve with the standards 
checked by comparison to a USGS standard reference sample. 
Soil organic carbon (SOC) was measured using a LECO CHN 2000 (LECO, St. Joseph, 
MI, USA) analyzer after an acid pretreatment (HCl). δ13C (‰) was measured after HCl 
pretreatment (thus reflective of organic C only) on a Thermo-Finnigan Delta XP Isotope 
Ratio Mass Spectrometer (IRMS, ThermoFinnigan, Bremen, Germany). Particle size was 
assessed by quantifying the mineral grain size distribution, and sand, silt, and clay size 
fractions as defined by the Wentworth Scale [29]. These samples were dried at ~75 °C for 
24–48 h, gently disaggregated, wet-sieved through 2 mm and 0.5 mm sieves, and treated 
with dilute H2O2 to destroy organic binding agents [30,31]. Samples were then analyzed 
using a Malvern Mastersizer S-2000 (Malvern Panalytical, Malvern, UK), a laser-optical 
particle size characterization instrument capable of accurately resolving particles over a 
size range of 0.02 to 2000 µm. 
An assessment of tree growth and survival at the 19-year-old site was performed in 
the period 2015–2016 and results are presented in Dement et al. [12]. In an effort to quan-
tify total carbon sequestration at these sites, tree biomass C was measured for each of three 
tree species planted in monoculture 0.04 ha strike-off plots (white pine, yellow poplar, 
and white oak) at the 19-year-old site. Sampled trees were randomly selected from plots 
of each species and included for harvesting if their diameter at a height of 1.4 m was within 
Figure 2. Experimental brown weathered sandstone plots at Bent Mountain (a) and Starfire Mine (b). The age since planted
are denoted as 9, 11, 14 and 19 years. The time 0 plot was also sampled at the Starfire Mine in a recently graded area
depicted in the upper right of the picture, but not in view in this photo.
Soil organic carbon (SOC) was measured using a LECO CHN 2000 (LECO, St. Joseph,
MI, USA) analyzer after an cid pretreatment (HCl). δ13C (‰) was measured aft r HCl
pre reatment (thus reflective of o ganic C only) on Thermo-Finnigan Delta XP Isotope
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Ratio Mass Spectrometer (IRMS, ThermoFinnigan, Bremen, Germany). Particle size was
assessed by quantifying the mineral grain size distribution, and sand, silt, and clay size
fractions as defined by the Wentworth Scale [29]. These samples were dried at ~75 ◦C for
24–48 h, gently disaggregated, wet-sieved through 2 mm and 0.5 mm sieves, and treated
with dilute H2O2 to destroy organic binding agents [30,31]. Samples were then analyzed
using a Malvern Mastersizer S-2000 (Malvern Panalytical, Malvern, UK), a laser-optical
particle size characterization instrument capable of accurately resolving particles over a
size range of 0.02 to 2000 µm.
An assessment of tree growth and survival at the 19-year-old site was performed in
the period 2015–2016 and results are presented in Dement et al. [12]. In an effort to quantify
total carbon sequestration at these sites, tree biomass C was measured for each of three
tree species planted in monoculture 0.04 ha strike-off plots (white pine, yellow poplar, and
white oak) at the 19-year-old site. Sampled trees were randomly selected from plots of each
species and included for harvesting if their diameter at a height of 1.4 m was within one
standard deviation of the mean diameter for the plot. For yellow poplar and white oak, two
individuals were destructively sampled from each of three plots (n = 6 for each species).
For white pine, only one individual was destructively sampled per plot (n = 3), due to
time constraints related to biomass partitioning. Trees were separated into leaves/needles,
small branches, large branches, bole, and pine cones (for white pine only) and weighed.
Subsamples of each category were dried in a walk-in oven (Lab-Line Instrument) at 60 ◦C
for seven days and weighed. The subsample wet:dry weight ratio was used to convert
field-weighed wet weight to dry weight. Subsamples were ground in a Wiley Mill to
pass a 20-µm screen and analyzed for total C and N in a LECO CHN 2000 analyzer. Total
aboveground biomass C (kg) was estimated at the plot scale as average biomass C/tree ×
total number of trees.
Associations of time since reclamation with concentrations of chemical species were
evaluated by linear regression (using PROC GLM in SAS 9.4, SAS Institute, Cary, NC,
USA) of data across depth intervals from 0 to 50 cm, including all mine sites (excluding
the forest control site to prevent skew). To further evaluate patterns of soil development,
especially with respect to particle size, the concentrations of all chemical species (across
depth increments and sites) were tested for correlation with relative abundance of each
particle size class using Pearson’s correlation. Finally, to better understand soil physical
and chemical patterns with depth, data from the unmined forest control soil were analyzed
for significant relationships with depth using linear regression (PROC GLM in SAS 9.4)
and used as a reference for evaluating patterns in mine soils.
While the reclaimed mines sampled in this study were located in different sites, the
potential for inter-site variability was considered slight, given that (1) reclaimed mine
sites were constructed using the same techniques (FRA techniques) and (2) sites were
constructed using overburden from the same formation (Breathitt Formation). Furthermore,
both spatial replication (multiple sites reclaimed at the same time) and temporal replication
(multiple times since reclamation within a site) were constrained by site availability—only
a handful of sites in the region have been experimentally reclaimed using FRA techniques
and are available for sampling. Given these limitations, the chronosequence approach
implemented in this study was the most robust analytical approach possible.
3. Results
Mean soil characteristics (averaged across depths by site) are reported in Table 1,
and parameter estimates and model fit statistics for regressions exploring relationships of
chemical and physical characteristics with time since reclamation are displayed in Table S1
(Supplementary Materials).
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Table 1. Mean soil chemical and physical data (averaged across depth within sites, ± 1 SD), for mine soils collected from
sites representing a chronosequence of time since reclamation, as well as a 100+ year-old forest soil (control).
Site
Age Al Mn Fe Mg K Ca Na δ
13C TotalN
Organic
Carbon Gravel Sand Silt Clay


























































































































































































3.1. Particle Size Distribution
Gravel and sand contents exhibited complex relationships with time since reclamation,
with gravel contents decreasing from the fresh mine spoil to a minimum in the 9–11 year
sites, then increasing in the 14- and 19-year-old sites (Table 1). Conversely, sand contents
increased from fresh mine spoil to a maximum in the 9-year-old site, then decreased at the
11-year-old site, remained unchanged at the 14-year-old site, and decreased further at the
19-year-old site (Table 1). Silt and clay contents demonstrated weaker relationships with
time, but silt generally increased with time since reclamation (from 0- to 11-year-old sites),
and clay was highest in the 14-year-old site (Table 1).
3.2. Metals
Concentrations of Al, Mg, and K generally increased over time, and were similar to
concentrations in the forest control soil at the 0–11-year-old sites; however, concentrations
of Mg and K were mostly higher than in the forest control soil at the 14- and 19-year-old
sites, and the Al concentration was higher than the forest control soil at the 19-year-old site
(Table 1, Figure 3). Correlations of metal concentrations with particle size classes suggest
that Al concentrations are negatively correlated with sand and positively correlated with
clay (Table 2), consistent with incorporation of Al in aluminosilicate minerals; however,
concentrations of Mg are positively correlated with gravel and negatively correlated with
sand, Na concentrations are negatively correlated with gravel and clay and positively cor-
related with sand, and K concentrations were not significantly correlated with any particle
size class (Table 2). Concentrations of Ca, Fe, and Mn exhibited complex relationships
with time since reclamation (Table 2). Concentrations of Ca tended to be higher in mine
soils than in the forest soil control, but Fe and Mn concentrations tended to be lower in
mine soils. Concentrations of Ca were positively correlated with gravel, but negatively
correlated with sand, silt, and clay (Table 2). Conversely, Mn was positively correlated with
silt and clay, and Fe was negatively correlated with sand and positively correlated with
clay (Table 2).




Figure 3. Concentrations of aluminum, magnesium, sodium, and potassium across a chronosequence of mine soils, in-
cluding data from all depth increments at each site. Dashed and solid lines represent mean concentrations ±1 SD for the 
reference forest soil. 
Table 2. Pearson’s correlation coefficients (r; df = 90) and p-values among soil analytes and soil particle size classes and 
organic matter, pooled across sites and depths (bold indicates p < 0.05). 
Soil 
Characteristic 
OC Gravel Sand Silt Clay 
r p r p r p r p r p 
Al 0.026 0.804 0.023 0.825 −0.269 0.009 0.161 0.124 0.240 0.021 
Mn 0.473 <0.001 −0.148 0.159 −0.186 0.076 0.324 0.002 0.403 <0.001 
Fe 0.184 0.080 0.170 0.105 −0.510 <0.001 0.127 0.229 0.337 0.001 
Mg 0.090 0.396 0.292 0.005 −0.450 <0.001 −0.057 0.587 0.033 0.756 
K −0.054 0.609 0.051 0.627 −0.100 0.342 −0.004 0.971 0.063 0.552 
Ca 0.515 <0.001 0.516 <0.001 −0.408 <0.001 −0.393 <0.001 −0.268 0.010 
Na −0.291 0.005 −0.215 0.040 0.564 <0.001 −0.114 0.279 −0.299 0.004 
OC 1.000 - 0.342 <0.001 −0.347 0.001 −0.199 0.058 −0.133 0.205 
δ13C −0.310 0.003 0.418 <0.001 −0.332 0.001 −0.329 0.001 −0.166 0.115 
Gravel 0.342 0.001 1.000 - −0.691 <0.001 −0.831 <0.001 −0.630 <0.001 
Sand −0.347 0.001 −0.691 <0.001 1.000 - 0.181 0.085 −0.006 0.953 
Silt −0.199 0.058 −0.831 <0.001 0.181 0.085 1.000 - 0.799 <0.001 
Clay −0.133 0.205 −0.630 <0.001 −0.006 0.953 0.799 <0.001 1.000 - 
3.3. Carbon 
Percent OC averaged over depths by site generally increased over time since recla-
mation (Table 1), but exhibited high variability, especially at the 11- and 14-year-old sites 
Figure 3. Concentrations of aluminum, magnesium, sodium, and potassium across a chronosequence of mine soils,
including data from all depth increments at each site. Dashed and solid lines represent mean concentrations ±1 SD for the
reference forest soil.
Table 2. Pearson’s correlation coefficients (r; df = 90) and p-values among soil analytes and soil particle size classes and
organic atter, pooled across sites and depths (bold indicates p < 0.05).
Soil
Characteristic
OC Gravel Sand Silt Clay
r p r p r p r p r p
Al 0.026 0.804 0.023 0.825 −0.269 0.009 0.161 0.124 0.240 0.021
Mn 0.473 <0.0 1 −0.148 0.159 −0.186 0.076 0.324 0.002 0.403 < .001
Fe 0.184 0.080 0.170 0.105 −0.510 <0.001 0.127 0.229 0.337 0.001
Mg 0.090 0.396 0.292 0.005 −0.450 <0.001 −0.057 0.587 0.033 0.756
K −0. 54 0.609 0.051 0.627 −0.100 0.342 −0.004 0.971 0.063 0.552
Ca 0.515 <0.001 0.516 <0.001 −0.408 <0.001 −0.393 <0.001 −0.268 0.010
Na −0.291 0.005 −0.215 0.040 0.564 <0.001 −0.114 0.279 −0.299 0.004
OC 1.0 0 - 0.342 <0.001 −0.347 0.001 −0.199 0.058 −0.133 0.205
δ13C −0.310 0.003 0.418 <0.001 −0.332 0.001 −0.329 0.001 −0.166 0.115
Gravel 0.342 0.001 1.000 - −0.691 <0.001 −0.831 <0.001 −0.630 <0.001
Sand −0.347 0.001 −0.691 <0.001 1.000 - 0.181 0.085 −0.006 0.953
Silt −0.199 0.058 −0.831 <0.001 0.181 0.085 1.000 - 0.799 <0.001
Clay −0.133 0.205 −0.630 <0.001 −0.006 0.953 0.799 <0.001 1.000 -
3.3. Carbon
Percent OC averaged over depths by site generally increased over time since reclamation
(Table 1), but exhibited high variability, especially at the 11- and 14-year-old sites and at the
forest control site (Figure 4, Table 1). This variability is especially associated with depth, with
a few particularly high OC concentrations in surface soils at these sites (Figure 5). While δ13C
exhibited complex relationships with time since reclamation (δ13C was more depleted at the
9- and 11-year-old sites than at the 14- and 19-year-old sites), it was least depleted at the
0-year-old site and most depleted at the forest control site, suggesting a weak trend toward
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greater depletion with time since reclamation (Figure 4, Table 1). In addition, δ13C tended
to be less depleted with depth (except in the 0-year-old site, which exhibited a consistent
concentration across depth), consistent with % OC (Figure 6). Interestingly, Mn and Ca
concentrations were strongly correlated with OC concentrations, suggesting that these metals
may be forming organometal complexes in these soils (Table 2).
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Alongside OC accumulation in soils, tree biomass at the 19-year-old site demonstrated
significant OC storage, with otal OC storag in tree biomass estimate at 25.8 Mg/ha
(Whit Oak), 66.1 Mg/ha (White Pine), and 42.8 M /ha (Y llow Poplar), and annual OC
sequestration rates ranging from 1.44 to 3.67 Mg/ha/yr (T ble 3).
Table 3. Aboveground OC sequestration values for a reclaimed site 19 years after reclamation.
Tree Biomass Metrics White Oak White Pine Yellow Poplar
Mean Survival (%) 77.5 ± 0.5 43.1 ± 0.4 59.2 ± 0.1
Mean Height (m) 10.2 ± 0.6 13.9 ± 0.2 13.7 ± 0.1
Mean DBH (cm) 8.7 ± 1.7 20.2 ± 0.1 12.2 ± 0.8
Mean Biomass OC (kg)/tree 12.26 ± 2.68 35.56 ± 4.28 20.84 ± 4.88
Mean Biomass OC (Mg)/ha 25.84 ± 5.56 66.14 ± 8.23 42.83 ± 17.43
Aboveground OC Sequestration Rate
(Mg/ha/yr) 1.44 3.67 2.38
Soil Organic Carbon (Mg/ha) * 17.34 - -
* Soil OC stocks for white oak plots only reported by Sena et al. [32]. Tree biomass data reflect 18 growing seasons
after reclamation.
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3.4. Depth Analysis
Generally, gravel contents declined with depth, while silt and clay contents increased
with depth. Sand contents demonstrated more complex relationships with depth, increasing
through the first 20 cm, then becoming relatively steady or decreasing thereafter (Figure 7).
Concentrations of Mn and Ca generally decreased with depth, while Fe concentrations did
not exhibit significant relationships with depth (Figure 8). Conversely, concentrations of Al,
Mg, and K increased with depth (Figure 8). Percent OC decreased exponentially through the
top ten cm, but then decreased gradually and linearly with depth (Figure 9). Similarly, δ13C
was most depleted in near-surface soils, and became less depleted with depth (Figure 9).
Several elements demonstrated similar patterns of change in concentrations with
depth over time. For instance, Ca concentrations at time zero were lowest at the surface
and increased with depth, but at the 11–19 year sites exhibited the opposite pattern with
depth—higher concentrations in near-surface soils with concentrations fairly stable with
depth (Figure 10).
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4. Discussion
4.1. Particle Size Distribution
Soils at the reclaimed mine sites tended toward increasing gravel and decreasing sand
contents over time since reclamation, as well as generally increasing silt and clay contents;
however, trends in clay and silt were weak. Particle size distributions in mine soils were
similar to the particle size distribution observed in the forest soil for each size class, but,
the trend from 14- to 19-year-old sites suggested that particle size distribution (for all size
classes except silt) in mine soils might become less similar to forest soils into the future.
The differences in gravel content between the 9–11 year sites and the 14–19 year sites could
be related to initial spoil placement. The strike-off method [28] was attempted for the first
time at the 19-year-old site and the grading technique resulted in an uneven surface that
contained many large boulders and voids. Similarly, the 14-year-old site was strike-off
graded by the same mining company and the final landscape was uneven. The 9- and
11-year-old sites were developed by a different mining company who had performed strike-
off reclamation several times previously, and they produced a final surface that contained
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fewer boulders and appeared less uneven. As such, differences in gravel contents are
likely attributable to differences in how the plots were constructed. Increases in silt and
clay contents over time are crucial for soil functions, especially moisture and nutrient
retention [33,34]—functions which are critical at reclaimed mine sites, which are often
characterized by soil moisture and chemical conditions that are unfavorable for plant
growth [9,16]. However, other studies that have investigated mine soil development in this
region have not reported strong trends in soil fine-grained sediment accumulation over
~10 year time scales [15,16], emphasizing the importance of longer-term studies (>10 yr.).
4.2. Metals
Metals are released into the developing soil matrix as regolith is chemically weathered;
however, low initial CEC leads to base oversaturation and loss of cations by leaching via
interflow. Several studies have reported rapid weathering in newly placed mine spoils,
leading to base oversaturation in soils (e.g., [15]) and high concentrations of cations in
interflow (e.g., [19]). Over time, as CEC develops (driven by accumulation of OM and
soil fines) and weathering rates stabilize, cation concentrations in interflow decrease,
and soil cation exchange sites become undersaturated [35]. In this study, Al, K, and Mg
concentrations generally increased with time since reclamation, while Na concentrations
increased to a maximum in mine soils of intermediate age (10–12 yr.) and decreased to
a minimum in the forest control soil. Increasing concentrations of Al, Mg, and K could
be related to the incorporation of these metals into developing soil minerals; however,
only Al concentrations were positively correlated with clay-sized content, suggesting that
this increasing trend is more complex than accumulation of soil fines. Rather, given that
these metals are continuing to increase in concentration past typical concentrations in
forest soils, this pattern may indicate that these metals are continuing to be released by
ongoing mineral weathering, and may be adsorbing to soil fines (silt and clay) and OM,
as well as being incorporated into soil minerals. Further work on these sites is necessary
to more fully characterize soil mineral development and sorption dynamics. In contrast,
the somewhat tidier pattern exhibited by Na conforms more neatly to the expected pattern
of rapid mineral weathering at “young” sites (0–11 years), followed by loss via leaching,
resulting in lower concentrations over time. The recovery of Na concentrations similar to
forest soils at the 19-year-old site suggests that Na concentrations may be reaching a stable
equilibrium at this site.
4.3. Carbon
Because surface-mined sites in Appalachia are frequently reclaimed with crushed over-
burden rather than native pre-mining soils, surface “soils” are typically devoid of OM at the
time of reclamation. Soil OM plays crucial roles in soil aggregate formation [36] and microbial
community development [37], as well as in the development of soil nutrient [38,39] and
water holding capacities [40]; thus, accumulation of OM is of interest for soil health [41]. In
addition, given their low starting OC stocks, these developing soils are important for carbon
sequestration and associated natural climate change mitigation benefits (e.g., [42]). As noted
by Amichev et al. [24], reforested surface mine sites of varying ages and forest types stored
117–148 Mg/ha of OC (including tree biomass, SOC, and litter layer carbon), and forests on
reclaimed mine sites were projected to store up to 168 Mg/ha of OC at a stand age of 60
years. While less than the 205 Mg/ha of OC storage Amichev et al. [24] reported for unmined
forests in the region, this still represents an important opportunity to store OC in Appalachia.
In this study, average soil OC concentrations demonstrated an increasing trend with time
since reclamation, with average concentrations at the 14- and 19-year-old sites approaching
the average at the forest control site. The general trend of increasing δ13C depletion from
least depleted in the fresh mine spoil (minimal OC), through the chronosequence to most
depleted at the forest control site (highest OC), supports the attribution of this pattern in
OC accumulation to development of “new” OC, rather than to coal fragments or carbonate
minerals, which can overinflate carbon estimates at these sites if not accounted for [26].
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Accumulation of OC in soil over the chronosequence is complemented by signif-
icant sequestration of OC in aboveground biomass. While all sites involved in this
study were planted with native trees at the time of reclamation, in accordance with the
FRA, aboveground biomass in trees was only evaluated at the 19-year-old site. White
pine (mean height = 13.9 m), white oak (mean height = 10.2 m) and yellow poplar (mean
height = 13.7 m) all exhibited excellent growth at this site (Table 3 [12]), consistent with
other published reports of tree growth on FRA-reclaimed sites in this area, such as av-
erage height >5.1 m for white oak after 10 years [15] and >4.1 m for yellow poplar after
9 years [16]. Similarly, estimated aboveground OC storage (25–66 Mg/ha) at the 19-year-old
site was consistent with 48.9 Mg/ha tree OC reported by Avera et al. [25] at a 21-year-old
site in western Virginia. Taken together, with the 17.3 Mg/ha of OC stored in soils in
white oak plots (see [32]), these data demonstrate total ecosystem OC (conservatively
estimated) exceeding 43 Mg/ha in white oak plots, and likely much higher in white pine
and yellow poplar plots, contributing to the literature demonstrating the significant OC
storage potential of surface-mined sites.
4.4. Concentration Changes by Time and Depth
Several parameters demonstrated similar trends of change in concentrations with
depth over time. For instance, Ca concentrations at time zero were lowest at the surface
and increased with depth, but concentrations of Ca tended to be highest in near-surface
soils and stable with increasing depth at the 11–19 year sites. As noted above with respect
to the correlation analysis, this pattern could be related to cation sorption to OM or to
clay minerals, or to formation of discrete mineral precipitates common in mine spoils and
waters [43,44] near the surface, while weathering and leaching continues in deeper soil
resulting in a depletion of these elements [19,35]. It is also notable that the shape of the
trend lines for Ca for the 11–19 year sites is similar to that observed for the forest control,
suggesting that Ca profiles in these sites are becoming more stable over time (Figure 10).
It is difficult to predict the influence of reforestation and time on particle and metal
distributions in mine soils. However, research has shown that we can expect increased OC
concentrations in mine soils as planted forests grow and mature [15,26,27]. Interestingly,
examining changes in OC profiles across chronosequences, we see that OC is fairly evenly
distributed across depth at time zero but becomes higher near the surface and lower with
depth over time (Figure 5). As expected, this corresponds to a depletion of δ13C with depth
over time. This pattern reflects observable changes to the site as the forest matures. In
early years after planting, the sites had an open canopy allowing sunlight penetration
to the forest floor, low moisture, high decomposition, and no litter layer development.
Canopy closure at these sites happened around year nine. Once the canopy closes, forest
floor conditions change rapidly. Shade, increased soil moisture, and protection from the
wind allows leaves to accumulate and begin to decompose (while open canopy conditions
existed, wind would blow fallen leaves off of the experimental plots). Moreover, when the
sites were planted, there was no woody debris on the soil surface. As time progressed, trees
would compete with each other for resources and some would be outcompeted and die,
wind and ice resulted in limbs falling off trees, disease and insects resulted in additional
tree mortality, and ultimately by year 19, a relatively complex forest floor had developed.
Development of this forest floor is key to the accumulation of OC in surface soils. Not
only does it promote soil OC sequestration, but the added OC can stimulate soil fauna and
contribute to furthering soil genesis in these young soils.
5. Conclusions
This study characterizes patterns of soil development over a chronosequence of mine
soils ranging from 0 years (fresh mine spoil) to 19 years after reclamation, in comparison
with soil from an adjacent unmined forest control site, which is ~100 years old (since most
recent logging). While soil particle sizes demonstrated complex relationships with time,
the general increase in soil fine particle contents over time suggests that these soils are on a
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trajectory moving towards levels of fine particles found in native forest soils. However,
given the complexity of these patterns and the weakness of the relationships (especially
with clay-sized particles), further research is needed to continue to track especially clay-
size particle accumulation over time. Similarly, while concentrations of metals exhibited
complex relationships with time, the continued accumulation of some metals (Al, Mg,
and K) suggest that mineral weathering (releasing metals from mineral complexes) and
sorption (metals adsorbing to soil mineral and organic particle surfaces) dynamics for these
metals will require more than 19 years to equilibrate. In contrast, the relatively smooth
pattern observed for Na suggests that this element may equilibrate more rapidly. Finally,
accumulation of soil and aboveground biomass OC over time demonstrates the significant
potential of developing mine soils for OC sequestration—increasingly important in the
face of unmitigated climate change.
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